Abstract. The farnesoid X receptor (FXR) is implicated in cholesterol and bile acid homeostasis; however, its role following myocardial infarction (MI) has yet to be elucidated. The aim of the present study was to investigate the effects of FXR knockout on left ventricular (LV) remodeling following MI. Coronary arteries of wild type (WT) and FXR -/-mice were permanently occluded to cause MI, and serial echocardiographic and histological tests were conducted. At 4 weeks post-MI, FXR
Introduction
Myocardial infarction (MI) is a leading cause of congestive heart failure. The left ventricle (LV) undergoes molecular, cellular and extracellular matrix alterations following MI that can significantly affect myocardial size, shape and function (1) . Ventricular remodeling due to persistent hypoxia and ischemia following MI has been associated with the development of heart failure (2) . Therefore, elucidating the mechanisms underlying post-MI ventricular remodeling may yield novel therapeutic targets for the treatment of patients with cardiac disorders.
The nuclear hormone receptor family comprises of transcriptional regulators that have been implicated in numerous physiological and pathophysiological functions, such as cellular metabolism, proliferation and apoptosis, as well as tumorigenesis and angiogenesis. Several nuclear hormone receptors, such as liver X receptors α and β, and the estrogen, androgen and retinoic acid receptors, have been implicated in the physiological regulation of cardiovascular function (3) (4) (5) (6) (7) (8) . The farnesoid X receptor (FXR; NR1H4) is another member of the nuclear receptor superfamily (9) (10) (11) (12) . FXR expression is localized primarily in the liver, intestine, kidneys and adrenal glands, where it regulates the homeostasis and metabolism of cholesterol, bile acid and lipids (9) . FXR is also expressed in the heart and adipose tissue, and in the vasculature (11, 13, 14) . Previous studies have suggested that FXR, apart from its implication in metabolism, may serve an important role in cardiovascular physiology and pathology (15, 16) . FXR has been identified as a novel apoptotic mediator and has been revealed to contribute to myocardial ischemia/reperfusion injury (13) . However, the mechanisms underlying the implication of FXR in pathophysiological processes following MI have yet to be elucidated. Therefore, the aim of the present study was to investigate the effects of FXR knockdown on LV remodeling and dysfunction following MI. 20-25 g ) were housed in a specific pathogen-free barrier facility at 24˚C, 55% humidity and under 12/12 h light/dark cycles, with free access to food and water.
Materials and methods

Ethics
Mouse model of MI. The MI model was generated by an experienced investigator who was blind to the experiment. Mice were anesthetized with 2% isoflurane prior to treatment with 0.5% bupivacaine. The left anterior descending coronary artery (LAD) was ligated as previously described (17) . Sham-operated mice (n=6) underwent open chest surgery without coronary artery ligation. A total of 6 WT and 6 FXR -/-mice that underwent MI (n=6) were sacrificed on days 7 and 28 following MI. All possible measures were taken to minimize suffering.
Ultrasonic echocardiography (UCG) assessment. Cardiac function was evaluated using transthoracic UCG prior to surgery and 1 day, 1 week and 4 weeks following MI in a blind manner. UCG was performed using the Vevo ® 2100 ultrasound system (VisualSonics, Inc., Toronto, ON, Canada) equipped with a 30 MHz transducer.
LV dimensions were examined digitally in M-mode tracings and averaged from three consecutive cardiac cycles. LV end-systolic diameter (LVESD) and end-diastolic diameter (LVEDD), interventricular septal thickness in diastole and LV posterior wall thickness were assessed. The percentage of LV fractional shortening (%FS) was calculated as follows: % FS = (LVEDD-LVESD)/LVEDD x 100 (%).
Assessment of infarct size. 2,3,5-triphenyltetrazolium chloride (TTC) was used for assessment of the infarction size. Briefly, 28 days after surgery the hearts from randomly selected mice were removed, frozen at -20˚C and cut into 1-mm thick sections perpendicular to the long axis of the heart. The hearts of these mice were harvested to assess the infarct size only. It was observed that the infarct area was not stained, and the non-infarct area was dyed red. The slice was photographed with a digital camera following TTC staining. Infarct size on day 28 post-MI was evaluated, as described by Pfeffer et al (18, 19) , and calculated as a percentage of the whole LV size, using ImageJ version k1.45 software (National Institutes of Health, Bethesda, MD, USA).
Histological examination. The hearts of left ventricular myocardium were arrested by intravenous administration of 2 mol/l KCl (Shanghai Pharmaceuticals Holding Co., Ltd., Shanghai, China) following isoflurane anesthesia and abdominal aorta bleeding. The samples were immediately fixed with 4% paraformaldehyde at room temperature for 24 h and dehydrated, paraffin embedded and sliced into 4 µm sections, on weeks 1 and 4 following MI, to be used for terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay, hematoxylin and eosin (H&E) staining, Masson's trichrome staining for interstitial fibrosis and α-smooth muscle actin (α-SMA) staining. Paraffin-embedded tissue sections were stained with a Masson's trichrome Staining kit (cat. no. G1006; Wuhan Goodbio Technology Co., Ltd., Wuhan, China). Collagen volume fraction (CVF) was quantified and calculated as an area of Masson's trichrome-stained connective tissue divided by total area of the image as previously described (17, 18) using Image Pro Plus software (Media Cybernetics, Inc., Rockville, MD, USA). Immunohistochemical staining of α-SMA as a marker of myocardial fibrosis after myocardial infarction was also performed. Paraffin-embedded tissue sections were stained with an α-SMA primary antibody (1:2,000; cat. no. GB13063; Wuhan Goodbio Technology Co., Ltd., Wuhan, China) overnight at 4˚C, washed three times with PBS and incubated with HRP-conjugated secondary goat anti mouse IgG (1:10,000; cat. no. K5007; Wuhan Goodbio Technology Co., Ltd., Wuhan, China) for 50 min at room temperature. Samples were counterstained with hematoxylin and incubated at room temperature for 3 min. Stained sections were observed under a confocal laser scanning microscope. LV diameter was measured in two perpendicular axes and averaged for each animal (18) . LVEDD was measured as previously described (19) . Myocyte size was measured using cross sections midway between the base and apex of the LV with hematoxylin and eosin (H&E) staining.
Western blot analysis. FXR
-/-and WT C57BL/6 mice were sacrificed on days 3, 7 and 28 post-MI for the collection of heart samples. Proteins extracted from heart tissue were analyzed using western blot analysis. The harvested ventricular tissue was homogenized and lysed using lysis buffer containing 1 protease inhibitor cocktail tablet per 10 ml of lysis reagents (Roche Diagnostics, Indianapolis, IN, USA). Protein concentration was determined with a bicinchoninic acid (BCA) protein assay kit (Beyotime Institute of Biotechnology, Shanghai, China). For western blot analysis an equal amount of protein (60 mg) was loaded in each well and subjected to 12% sodium dodecyl-sulfate polyacrylamide gel electrophoresis. Separated proteins were then transferred from the gel to nitrocellulose membranes (Whatman; GE Healthcare Life Sciences, Chalfont, UK) and blocked with LI-COR blocking buffer for 1-2 h. The following primary antibodies were used: Anti-FXR (1:1,000; cat. no. 12295; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-caspase 3 (1:800; cat. no. 9664; Cell Signaling Technology, Inc.) and anti-GAPDH (1:1,000; cat. no. 2118; Bioworld Technology, Inc., St. Louis Park, MN, USA). The secondary antibodies of HRP-conjugated goat anti mouse IgG (1:10,000; cat. no. 22855) were obtained from LI-COR Biosciences (Lincoln, NE, USA). The protein bands were visualized using an Odyssey infrared imaging system (LI-COR Biosciences). Protein levels were semi-quantified on duplicate blots with standard densitometry using Odyssey software version 3.0 (LI-COR Biosciences). The intensities of protein bands were normalized to those of GAPDH and expressed as fold increase relative to control.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
As previously described (20, 21) , total RNA from tissues and cardiomyocytes was extracted using TRIzol ® Reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. RNA was reverse transcribed into cDNA using M-MLV reverse transcriptase (Invitrogen; Thermo Fisher Scientific, Inc.). The following primers were used for qPCR: GAPDH, forward 5'-TCA CTG CCA CCC AGA AGA-3', reverse 5'-GAC GGA CAC ATT GGG GGT AG-3'; collagen III, forward 5'-GAC CAA AAG GTG ATG CTG GAC AG-3', reverse 5'-CAA GAC CTC GTG CTC CAG TTA G-3'; and matrix metalloproteinase (MMP)-9, forward 5'-GCT GAC TAC GAT AAG GAC GGC A-3' and reverse 5'-TAG TGG TGC AGG CAG AGT AGG A-3'. qPCR was performed on cDNA with a Real-Time PCR system (Bio-Rad Laboratories, Inc., Hercules, CA, USA), using SYBR Premix Ex Taq™ (Takara Bio, Inc., Otsu, Japan). The reactions of 10 µl volume contained 2X SYBR Premix Ex Taq™ (Takara Bio, Inc.) at 5 µl, each primer at 0.2 µl, and 0.2 µl of cDNA template (1:5 diluted) at 1 µl, RNase-free dH 2 O at 3.6 µl. Amplification was performed under the following conditions: Initial denaturation step at 95˚C for 3 min, followed by 40 cycles of denaturation at 95˚C for 30 sec, annealing and extension at 60˚C for 30 sec. The relative expression levels for each gene were normalized to GAPDH and analyzed using the 2 -∆∆Cq method (22) .
TUNEL assay. Cellular apoptosis of left ventricular myocardium was assessed using the ApopTag ® Fluorescein In Situ Apoptosis Detection kit (S7110; EMD Millipore, Billerica, MA, USA), according to the manufacturer's protocol. Cell nuclei were stained with 4'-6-diamidino-2-phenylindole (DAPI), and incubated at room temperature for 10 min. Sections were mounted and observed under a FluoView™ FV1000 confocal microscope (Olympus Corporation, Tokyo, Japan). The number of TUNEL-positive cardiomyocyte nuclei was manually determined. At least 3 fields per section were analyzed, as previously described (23) .
Immunofluorescence. Paraffin-embedded tissue sections were stained with an anti-cluster of differentiation (CD) 31 primary antibody (1:50; cat. no. GB13063; Wuhan Goodbio Technology Co., Ltd., Wuhan, China) overnight at 4˚C, washed three times with PBS and incubated with fluorescein isothiocyanate-conjugated secondary donkey anti-rabbit immunoglobulin G (1:200; cat. no. 705-165-003; Wuhan Goodbio Technology Co., Ltd.) for 1 h at room temperature in a darkened humidified chamber. Samples were counterstained with DAPI, and incubated at room temperature for 10 min. Stained sections were observed under a confocal laser scanning microscope using x200 and x400 magnifications.
Statistical analysis. The statistical significance of the difference between two groups was performed by unpaired Student's t test. The comparison of parameters among more than three groups was performed by one-way analysis of variance with Tukey's HSD post hoc test. Data are expressed as the mean ± standard error of the mean. The experiments were repeated 5 times. P<0.05 was considered to indicate a statistically significant difference. All analyses were performed using GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Results
FXR protein expression levels in post-MI myocardial tissue.
Western blot analysis revealed a progressive increase in FXR protein expression levels in WT mice between 3 days, 7 days and 28 days following LAD ligation. FXR levels declined at 28 days. (Fig. 1) .
FXR
-/-mice demonstrate improved myocardial morphology and function post-MI. UCG was used to assess cardiac function 1 and 4 weeks post-MI (Tables I and II) . %FS was used as a systolic function index and results indicated a significant improvement in FXR -/-mice compared with in WT mice (Table II) . Furthermore, FXR -/-mice exhibited lower LVEDD and LVESD compared with WT mice (Fig. 2A) . In addition, no significant difference in cardiac function was revealed between FXR -/-and WT sham-operated mice (Tables I and II ), suggesting that FXR knockout does not affect cardiac function under physiological conditions. Infarct scar size appeared significantly reduced in the FXR -/-compared with in the WT group ( Fig. 2B and C) . A 10% relative reduction in infarct size was reported in FXR -/-mice compared with in WT mice. LV cavity size was preserved in the FXR -/-group compared with in the WT group, as demonstrated by the significantly smaller LV diameters in FXR -/-mice (Table II) .
Microvesicular density and fibrosis.
Masson's trichrome staining for interstitial fibrosis in the border zone is demonstrated in Fig. 3B in representative samples from the WT and FXR -/-groups. The border zone was revealed by H&E staining in serial sections (Fig. 3A) . Expression of α-smooth muscle actin (α-SMA) is considered a marker for the conversion of fibroblasts into myofibroblasts in myocardial tissue. FXR -/-mice exhibited a significant reduction in the number of α-SMA positive myofibroblasts in peri-infarct areas compared with WT mice, as assessed on week 4 following MI (Fig. 3C) . Microvesicular density was assessed in the border zone using CD31 staining and was revealed to be increased in the FXR -/-compared with in the WT group (Fig. 3D) .
The mRNA expression levels of collagen III and MMP-9 were evaluated using RT-qPCR on day 28 following MI. As presented in Fig. 3E and F, collagen III and MMP-9 mRNA levels were upregulated in mice that underwent MI compared with in the sham-operated groups. Furthermore, FXR -/-mice exhibited a marked reduction in collagen III and MMP-9 mRNA levels compared with WT mice 28 days following MI.
Cardiomyocyte apoptosis. Cardiomyocyte apoptosis was assessed using a TUNEL assay. In the border zone, the percentage of TUNEL-positive, i.e., apoptotic, cardiomyocytes was significantly reduced in FXR -/-mice compared with in WT mice (Fig. 4A and B) . Western blot analysis revealed a significant reduction in cleaved caspase-3 protein levels in FXR -/-mice compared with in WT mice, as assessed on day 7 post-MI (Fig. 4C and D) . 
Discussion
Patients who recover from MI often develop cardiac fibrosis, which can lead to a decline in cardiac function and ultimately in heart failure (1, 24) . Cardiac remodeling is a critical process in the development of heart failure following MI (25, 26) . The mechanisms underlying cardiac remodeling are complex; however, matrix turnover has been reported to serve a central role during the early days and weeks following MI (27, 28) . It has previously been suggested that the pharmacological inhibition or genetic ablation of FXR may reduce cardiomyocyte apoptosis, decrease infarct size and improve cardiac function in myocardium that has undergone ischemia/reperfusion (13) . Therefore, it may be hypothesized that FXR-deficient mice are characterized by deficits in cardiac remodeling and FXR may serve an important role in cardiomyocyte apoptosis following MI. The present results demonstrated an increase in FXR expression in the infarct region that peaked on day 7 and declined at day 28 post-MI. These results suggested that FXR may be implicated in the primary stages of cardiac healing processes that follow MI. To the best of our knowledge, the present study is the first to demonstrate that FXR knockdown attenuated cardiac remodeling following MI. FXR knockdown appeared to reduce infarct size and improve cardiac function following MI, thus suggesting that FXR is implicated in the mechanisms underlying post-MI cardiac remodeling. The observed improvement in post-MI remodeling in FXR-deficient hearts may be attributed to the reduction of cardiomyocyte apoptosis and interstitial fibrosis, and increasing angiogenesis.
It has previously been reported that cardiomyocyte apoptosis is a major mechanism implicated in unfavorable LV remodeling (29) . Myocardial cell apoptosis mediated by mitochondria have an important role in the repair of myocardial infarction. FXR activation may lead to significant cardiomyocyte apoptosis and mitochondrial death signaling characterized by caspase-3 activation (13) . The present study demonstrated that myocyte apoptosis was suppressed in FXR-deficient mice 7 days post-MI. Additionally, a significant reduction in cleaved caspase-3 protein levels in FXR -/-mice on day 7 post-MI was determined, thus suggesting that the absence of FXR may be associated with the improvement of LV remodeling and cardiac function following MI.
Neoangiogenesis is an essential component of cardiac remodeling processes. Following MI, the existing vasculature is not able to meet the enhanced oxygen demands of the viable myocardium, which may lead to adjacent viable myocardial tissue necrosis, progressive infarct extension and fibrous replacement (25) . In the present study, angiogenesis via detection of CD31 appeared to be enhanced in FXR -/-compared with in WT mice, which may contribute to the improvement of cardiac function and LV remodeling following MI.
Previous studies have reported that cardiac extracellular matrix (ECM) dysregulation may participate in progressive LV remodeling, and may lead to excessive collagen deposition, fibrosis and collagen degradation, followed by LV dilatation (27, 30, 31) . Type I and III collagen are among the main components of the ECM, which provides the structure and mechanical support for the heart, and participates in signaling among cardiomyocytes (27) . The physiological integrity of the ECM lies under the control of the MMP family of endopeptidases and their specific tissue inhibitors (15) . Enhanced expression and activity of MMP-9 has been associated with collagen formation, whereas MMP-9 deletion has been reported to attenuate myocardial fibrosis (28) . The results of the present study revealed that mRNA expression levels of type III collagen and MMP-9 were significantly upregulated in WT compared with FXR -/-mice 4 weeks following MI. It may suggest FXR deletion may reduce the collagen deposition following MI and improve the LV remodeling.
In conclusion, the present results suggested a central role for FXR in myocardial injury and remodeling. To the best of our knowledge, this is the first study to demonstrate the effects of FXR deletion on the preservation of cardiac function following MI and in the suppression of abnormal remodeling. Therefore, FXR may represent a potential novel therapeutic target for the treatment of patients following MI.
